Research advances on renewable energy systems have increased the interest in the use of isolated power supplies composed of power converters based on high-frequency transformers. Such power equipment generally presents high internal impedance, which amplifies the effects of harmonic voltages produced by nonlinear loads that draw currents with high harmonic content. Some sensitive loads, e.g., electric motors and distribution transformers, may not properly operate when supplied by extremely distorted voltages. Series active power filters (SAPFs) are suitable to mitigate this inconvenient, being capable of providing harmonic voltage compensation and minimizing the distortion of supply voltages. In this context, this work addresses the small-signal modeling, control system implementation, and experimental validation of a single-phase SAPF. The proposed approach is solely employed for harmonic voltage compensation purposes, thus allowing loads to be supplied by a nearly sinusoidal voltage. During the modeling process, the operating steps are analyzed in detail, while the presence of parasitic elements is taken into account. An equivalent circuit is also derived, which is used to provide an easy understanding of the interactions among the SAPF, load, and power supply. From this model, transfer functions can be obtained so that it is possible to design the control loops used by the SAPF. Experimental results with distinct types of loads are presented to evaluate the SAPF performance in both steady-state and transient conditions.
I. INTRODUCTION
The production of electricity from renewable energy sources, e.g., solar, and wind, has received increasing attention in the context of distributed generation [1] , [2] . Such energy conversion systems can be connected to the ac grid through dc-ac power converters using an ac bus [3] - [5] . However, interconnection through a dc bus is also possible [6] .
When interconnection is not required, i.e., operation occurs in standalone mode, such systems often present low short-circuit capacity, being susceptible to harmonic voltage distortions [3] , mainly while supplying nonlinear loads [7] . Undesirable effects are then supposed to occur in equipment designed to operate under sinusoidal voltages, The associate editor coordinating the review of this manuscript and approving it for publication was Zhehan Yi . e.g., overheating in transformers and electric motors, leading to reduced useful life [8] , [9] . In such cases, a proper filtering action is needed to restore the sinusoidal shape to the supply voltage.
Active power filters are power electronic converter-based devices that operate in order to improve the ac grid power quality, being capable of compensating harmonic currents or voltages. Shunt active power filters inject adequate compensating currents with the same amplitude as that associated with the harmonic content of the load current, but with opposite phase. Therefore, only the fundamental component of the load current will flow through the power grid [10] . However, if the power supply presents a distorted voltage waveform that is independent of the circulation of the load currents, shunt active power filters will not be able to adjust the grid voltage. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Series active power filters (SAPFs) are adequate to correct harmonic voltage distortions. Such equipment is often connected between the power sources and loads, being capable of acting as harmonic isolators [11] or corrective voltage sources that restore the sinusoidal shape to the load voltages [12] .
When designated to operate as harmonic isolators, SAPFs are controlled to provide high impedance at the harmonic frequencies [13] , [14] . A non-sinusoidal voltage will then be generated, thus forcing the current drawn from the source to present a sinusoidal shape [15] . Therefore, loads connected in series with the SAPF tend to be supplied by non-sinusoidal voltages [16] .
A hybrid approach can be obtained if the SAPF acts as a harmonic isolator and operates together with a passive filter bank [11] . The hybrid active filter is able to provide sinusoidal shape to the load voltages and at the same time force a sinusoidal current to flow through the power source. However, this aspect depends strictly on tuning the passive filter accurately [17] .
If the SAPF is designated to behave as a corrective harmonic voltage source, the load voltages will be sinusoidal, assuming the same shape as that of the power supply grid fundamental component. In this case, the SAPF will produce an output voltage that will cancel the effects of the harmonic components [18] . In this work, the SAPF is not designed to deal with voltage sags and/or swells, being used only to restore the load voltage to a correct sinusoidal aspect.
The single-phase SAPF proposed in [12] was used for harmonic voltage reduction, and consequently provide a sinusoidal waveform to the load voltage. It consists of a full-bridge voltage-source inverter (VSI) with a passive inductor-capacitor (LC) output filter, without a coupling transformer and an external dc-link power source. Modeling is performed using the average circuit approach to extract simplified transfer functions that are useful for the practical design of the control system. However, the proposed modeling technique does not consider the influence of parasitic elements associated with the power stage components, which may introduce high-frequency poles and zeros. The control system is based on the use of analog proportional-integralderivative (PID) and proportional-integral (PI) controllers for the loops responsible for controlling the output and dc-link voltages of the SAPF. A similar SAPF topology and more detailed modeling procedure are also described in [19] , but step-by-step analysis of the design procedure of the control system is not presented.
Another SAPF is proposed in [20] based on a similar topology with a coupling transformer added to the output. An average state-space mathematical representation is developed, while some parasitic elements associated with the LC output filter and the coupling transformer are included. The analog controller is of phase-lag type, being designed with frequency response techniques. Unfortunately, an external isolated power supply was employed in the dc-link to simplify the control system, as there is no information available on the controller associated with the dc-link voltage.
Hysteresis controllers are also tested in the SAPF as in [21] . Even though good results could be obtained, clear criteria for the selection of components or hysteresis boundary conditions are not presented. Another SAPF that does not employ an external dc-link power supply and coupling transformer is introduced in [22] , which is based on a digital control system comprising the grid synchronization procedure, compensation voltage calculation, damping algorithm, and deadtime compensation. The modeling and tuning process of the required controllers is not detailed [22] .
A small-signal modeling approach is proposed for a singlephase SAPF in [23] based on techniques that are typically used in the case of dc-dc converters. An equivalent electrical circuit representation is derived and used to obtain distinct transfer functions. However, the aforementioned circuit was not clearly used to study the interactions among the load, filter, and distorted supply voltage. Therefore, the influence of disturbances caused by the load current and power supply voltage on the SAPF control system could not be analyzed. The detailed design procedure of the capacitor bank required by the dc-link is not properly addressed and an in-depth analysis that allows obtaining the circuit was not provided.
In summary, the series active filtering systems given by [20] , [21] have a coupling transformer added to the SAPF output and an external power source to supply its dc-link. Similar filtering systems without coupling transformer and external power source were presented in [12] , [19] . But their mathematical modeling approach did not yield an equivalent electrical circuit which could be useful and easily analyzed to derive transfer functions or evaluate disturbances effects. A simplified mathematical modeling approach for a SAPF neglecting the converter operating stages is presented by [22] in which there is no detailed information on calculations of gain parameters and constants used by its controllers. An extended mathematical model for a SAPF without coupling transformer and external power source is presented in [23] . Its model leads to an equivalent electrical circuit from which one can extract transfer functions. However, that circuit was not used to clearly and objectively investigate the effects of external disturbances such as load current and supply voltage changes. The SAPF control systems in [19] , [23] use PI and PID controllers which were built with analog components, but there is no detailed information on how to calculate values of these components. Experimental and simulations results given in [19] , [20] , [22] and [21] , [23] respectively have shown an effective active filtering action and, as a result, the voltage supplied to the load has low total harmonic distortion (THD). Only the work in [20] presented a transient response of the filtering system during its startup.
In this context, this work presents an in-depth small-signal modeling approach for a single-phase SAPF, designated to operate as a controlled voltage source, exclusively employed to eliminate or reduce, implicit or not, harmonic voltage components from power supply and, to provide a good sinusoidal voltage to loads. One or more points of common coupling, distant from the power supply and from each other, can be set.
At these points the SAPF could be inserted and used to restore, downstream of itself, a distorted voltage to a better sine waveform voltage. An equivalent electrical circuit is also obtained, which integrates the power supply and the load. It allows not only extracting relevant transfer functions, but also designing the control system loops accurately. The clear understanding of the disturbance effects caused by the load current and the supply voltage is also a prominent advantage of the derived technique. Besides, the methodology can be applied to other single-phase full-bridge converter applications. The key contributions of this paper are summarized and listed as follows:
• A revised and in depth small-signal modelilng based on [23] is proposed for a coupling transformerless SAPF without an external dc-link power supply;
• The SAPF is serially connected between the power supply and load, where it works as a controllable voltage source to eliminate or reduce harmonic voltage distortions from the power supply. This arragement is the way to avoid inherent power supply harmonic voltage contents to be transfered to loads;
• From the small-signal modeling an electrical circuit is proposed and it allows to investigate disturbance effects due to load current and supply voltage changes;
• It is possible to extract transfer functions other than those presented in this paper from the electrical circuit;
• A detailed procedure is presented to entirely determine the SAPF, PI and PID controllers components, transfer functions as well as all their values. Experimental results including transient conditions are presented. The remainder of this paper is organized as follows. Section II presents the single-phase SAPF, whose modeling is developed in Section III. The design procedures of the power and control stages are properly addressed in Sections IV and V, respectively, while the SAPF is thoroughly evaluated experimentally in Section VI.
II. SERIES ACTIVE POWER FILTER SYSTEM
The SAPF is connected between the distorted power supply and load, as shown in Fig. 1 (a) . The power supply output voltage v s (t) is distorted and the SAPF output voltage v o (t) is generated to compensate the existing harmonic voltage components, thus providing a sinusoidal voltage v L (t) for loads connected downstream to the filter. The power and control stages of the SAPF are represented in Fig. 1 (b) . The circuit is composed of a full-bridge VSI and a low-pass LC filter. The dc-ac converter employs four active switches Q 1 . . . Q 4 whose respective antiparallel diodes are D 1 . . . D 4 . The LC filter is connected to the VSI output between terminals V A and V B , considering that voltage v ab (t) contains a high-frequency harmonic content. In this case, the low-pass filter is designed for a cut-off frequency f cutoff lower than the switching frequency f s in order to mitigate the harmonic components associated with v ab (t). Inductor L a and capacitor C a have equivalent series resistances (ESR) given by R La and R Ca respectively. The dc-link of the VSI employs a capacitor bank represented by C d , whose ESR is R Cd . Since the SAPF is not designed to deal with voltage sags and/or swells, C d is chosen to be small while acting only to keep the dc-link voltage v cc (t) constant and the accurate generation of the output voltage v o (t).
The signals v ot (t), v cct (t), and v st (t) correspond to samples of the SAPF output voltage v o (t), dc-link voltage v cc (t), and power supply v s (t), respectively. Such quantities are measured by linear voltage transducers, which are represented by the constant output gain K T . The band-pass filter is used to extract the fundamental component of v s (t) defined by v 1t (t). Subtracting v 1t (t) from v st (t) gives the harmonic voltage v ht (t). The output voltage reference signal v * oref (t) is the result of summing v ht (t) and v prod (t). On the other hand, signal v prod (t) is obtained from the multiplication between the output signal of the dc-link controller v cccont (t) and v 1t (t). It also contains a low-amplitude fundamental component to maintain v cc (t) with a constant dc value defined by the reference signal v * ccref (t). The power supply voltage v s (t) is represented by the series association of sources corresponding to the fundamental component v 1 (t), the harmonic content v h (t), and the voltage drop v Zs (t). It is also worth mentioning that v h (t) represents the inherent harmonic content that is independent of the load current circulation. On the other hand, voltage v Zs (t) is generated when distorted currents flow through the impedance Z S , thus contributing to the further distortion of v s (t). The output voltage waveform v o (t) will be produced to cancel the harmonic components associated with v h (t) and v Zs (t). Therefore, the resulting load voltage v L (t) will consist only of the fundamental component v 1 (t).
The control system is formed by two cascaded loops. The inner loop controls v o (t), which is associated with controller C 1 (s). It is responsible for generating the control signal v ocont (t) from the error v oerr (t), which is given by the difference between the measured output voltage v ot (t) and the reference signal v oref (t). Using the pulse width modulation (PWM) technique, the control signal v ocont (t) is obtained to generate the gating signals g 1 . . . g 4 .
The outer loop regulates the dc-link voltage v cc (t). The result of subtraction between the measured dc-link voltage v cct (t) and reference v * ccref (t) is used by C 2 (s) to create the output signal v cccont (t), which is multiplied by the fundamental component v 1t (t), also resulting in v prod (t).
Another important aspect to be considered in the design of cascaded control loop lies in the fact that the inner loop must be faster than the outer one [24] . In other words, controller C 1 (s) must ensure a faster dynamic response than that provided by C 2 (s).
III. SMALL-SIGNAL MODELLING
The SAPF model derived in this work is based on the basic ac modeling approach described in [25] , where it is considered that the time constants of the converter and low-pass filter are much longer than the switching period. Thus, by averaging the converter inductor current and capacitor voltage waveforms over one switching period T s , the high-frequency components and existing ripple can be neglected. Therefore, only the low-frequency components are taken into account when obtaining the equivalent electrical circuit.
A. OPERATING STAGES
As it was previously mentioned, the gating signals g 1 . . . g 4 are generated using PWM as seen in Fig. 2 . Such signals are obtained from an analog circuit, whose inputs are the control signal v ocont (t) and the triangular carrier v carrier (t) as shown in Fig. 2 (a) . In this case, the carrier period corresponds to the switching period T s . The resulting waveforms are represented in Fig. 2 (b) , where t 1 is the on time and t 2 is off time. The output voltage of the VSI given by v ab (t) depends on the dclink voltage v cc (t). In this work, the small-signal modeling is carried out considering only the operation when v ocont (t) > 0. Due to the inherent analogy, similar results can be achieved when considering v ocont (t) < 0.
The duty cycle d is defined in (1) as the ratio between t 1 and T s . During t 1 , switches Q 1 and Q 3 are turned on, resulting in the electrical circuit shown in Fig. 3 . The active switches Q 1 and Q 3 are represented in Fig. 3 by the model introduced in [26] , which is based on the series association of a small voltage drop V Qon and an equivalent resistance R Qon . Voltage V Qon represents the collector-toemitter threshold voltage, which is considered to remain constant during the on time. Resistance R Qon is the ESR that represents the association between the N region and the channel resistances. Applying Kirchhoff's circuit laws, it is possible to obtain expressions (2) to (5) .
The off-time interval of the active switches is defined by t 2 and expressed by (6) . The equivalent electrical circuit during t 2 is shown in Fig. 4 . The gating signals g 2 and g 4 are applied to Q 2 and Q 4 , respectively, but the current will not flow through them. Due to the energy stored in inductance L a , diodes D 2 and D 4 will be forward biased instead. In this case, the forward voltage drop V Don and also resistance R Don are responsible for the conduction losses [27] . Once again, applying Kirchhoff's laws to Fig. 4 gives expressions (7) to (10) .
B. CIRCUIT AVERAGING STEP During t 1 , the average values of the converter voltages and currents are expressed by (11) to (18) .
It is assumed that all converter voltages and currents during t 1 can be represented by a sum of a dc component and small ac component or ripple as seen in expressions (19) to (25) . Besides, voltages V Qon and V Don are considered constant quantities.
Considering that the ripple is small, the ac terms in (19) to (25) can be neglected [25] . Substituting them in expressions (2) to (5) , the average relationships given by (26) to (29) can be obtained.
The small-ripple approximation can also be applied to interval t 2 , resulting in expressions (30) to (37).
Substituting (26) to (29) into (40) to (47) gives the averaged expressions (38) to (41). 
Substituting (42) to (50) into (38) to (41), a set of expressions can be obtained, which contains ac linear terms related to the added small perturbations, dc terms, and nonlinear components with negligible amplitudes. According to [25] , only the linear terms are considerable and represent linear variations due to production of small-signal perturbations. Thus, the SAPF linearized small-signal model can be obtained as expressed by (51) to (57).
EQUIVALENT ELECTRICAL CIRCUIT
Applying the Laplace transform to expressions (51) to (57), it is possible to visualize terms that can be represented in the form of electrical circuit elements, e.g., voltage sources and current sources. Such elements can be combined in an equivalent electrical circuit as in Fig. 5 . The term ''(2D-1)'' in (51) and (57) is the dc conversion ratio and relates the output voltage and the dc-link voltage during one switching period. This representation can be used to combine (51) and (55) in the form of a fictitious dc transformer, which is analogous to the one used in the ac model of some dc-dc converter models [25] . The load and the input source are also connected to the circuit in Fig. 5 . Using Kirchhoff's circuit laws, it is possible to obtain the expressions (58) to (61) which will be represented in the diagram shown in Fig. 6 , where the relationship between the control signalv ocont (s) and the duty cycled(s) can be expressed by gain K PWM in order to represent the pulse-width modulator
From Fig. 6 , it is noticed that both the load currentî L (s) and the power supply voltagev s (s) affect the output voltagê v o (s) in the form of disturbances. Such undesirable effects can be mitigated using a feedback control loop associated with the output voltage [25] . Fig. 6 also evidences that the duty cycled(s) and the inductor currentî La (s) influence the dc-link voltagev cc (s). Therefore, in order to compensate the converter internal losses and achieve disturbance rejection, another feedback control loop is needed for the dc-link voltage regulation.
E. CONTROL-TO-OUTPUT TRANSFER FUNCTION
Assuming that a well-designed control system is able to provide proper disturbance rejection [24] , the output voltage Fig. 6 , as well as analyzing the resulting block diagram, it is possible to determine G 1 (s) as:
In the application addressed in this work, the SAPF does not deal with load active power flow, being not able to compensate voltage sags and/or swells. Only the harmonic voltages compensation is achieved as presented in [19] and originally proposed in [18] . Hence, a small-size capacitor will be required to the dc-link, while v cc (t) is supposed to remain constant at a given dc value V cc during the SAPF operation. However, parasitic elements, e.g., R Qon , R Don , R La , and R Ca introduce power dissipation in the SAPF, which requires the use of a dc-link voltage control loop. As it is well known, the full-bridge VSI is a four-quadrant converter with bidirectional power flow capabilities [28] , [29] . It can also operate as an active rectifier when the voltage across capacitor C a given by v o (t) is considered as the input, while the voltage across capacitor C d represented by v cc (t) is the output. When a small-amplitude fundamental component, in phase with v 1 (t), is summed to the output voltage v o (t), the average voltage V cc can be regulated as a consequence.
Neglecting the influence of the control signald(s) and the disturbances produced by the load currentî L (s) and power supply voltagev s (s) in Fig. 6 , the output voltage-to-dc-link voltage transfer function is obtained as seen in (63).
IV. POWER STAGE DESIGN
The parameters described in Table 1 will be used in the design of the SAPF components and control system. First, let us consider expression (64) given in [19] , which allows determining the filter inductance, where V cc is the average dc-link voltage, I Lamax is the peak current through inductor L a , and i Lamax is the respective maximum current ripple. Using L a value from (64), capacitance C a can be also determined employing (65) based on the cutoff frequency f cutoff .
From the parameters in Table 1 and expressions (64) and (65), it is possible to obtain C a = 4.7 µF and L a = 3.11 mH. The selected cutoff frequency f cutoff is 10.2% of the switching frequency, which means that the SAPF is capable of generating harmonic voltages up to the 20 th order with respect to the fundamental frequency f 1 .
As it was previously mentioned, a small dc-link capacitor can be used in order to maintain V cc constant. According to [19] , the voltage fluctuation of v cc (t) must be small, being also related to capacitance C d . An expression is presented in [30] and [31] as a function of the maximum energy stored in the capacitor, considering that the dc-link voltage varies between the maximum and minimum values given by V dcmax and V dcmin , respectively.
Assuming that the ripple frequency of v cc (t) is twice higher than f 1 , the maximum energy can be expressed in terms of the maximum losses P loss as in (67).
Finally, capacitance C d can be determined from (66) and (67) assuming initially a small value for P loss and a desired voltage ripple to obtain V dcmax and V dcmin . Using the parameters shown in Table 1 gives C d = 470 µF.
V. CONTROL SYSTEM DESIGN
The SAPF control system block diagram is illustrated in Fig. 7 (a 
A. OUTPUT VOLTAGE CONTROL LOOP
The output voltage controller must be designed considering initially the lack of disturbances associated with the load voltageî L (s), the power supply voltagev s (s), and the dc-link voltagev cc (s). From such assumptions, the diagram in Fig. 6 can be simplified, resulting in the modified representation shown in Fig. 7 (b) , where the output voltage controller C 1 (s) is added.
The output load voltage v o (t) is monitored by a linear voltage transducer, whose transfer function represented by a constant gain K T . Besides, term K PWM is a gain introduced by the PWM circuit described in Fig. 2 as represented by expression (68), where V carrier_max is the peak-to-peak amplitude of the triangular carrier.
Substituting the design specifications given in Table 1 in (62) and assuming that the dc component of the inductor current I La is null, transfer function G 1 (s) can be numerically expressed by (69), while its corresponding Bode diagram is shown in Fig. 8 . Considering gains K PWM and K T , the open-loop transfer function can be expressed by (70).
The output voltage controller is of PID type, whose transfer function is expressed by (71).
where K p , K i , and K d are the proportional, integral, and derivative gains, respectively; and α pid is a frequency introduced to limit impulsive responses due to the derivative action [32] . The controller transfer function C 1 (s) can be obtained adopting the analytical method described in [32] in terms of expressions (72) to (74), where φ ωcg and ω cg are the desired open-loop phase margin and crossover frequency, respectively.
K p = cos (θ) K T K PWM G 1 (jω cg ) (73)
In order to achieve a fast closed-loop transient response with reduced overshoot, the output voltage controller must ensure that the TFOL 1 (s) presents a wide bandwidth, with a unity gain at the crossover frequency ω cg , and a phase margin φ ωcg higher than 60 • [33] . From (72) to (74), it is possible to calculate the gains K p and K d , by selecting K i = 1.11 × 10 5 , φ ωcg = 75 • , and ω cg = 3.1416×10 4 rad/s. Thus, considering the Bode diagrams in Fig. 8 , the numerical transfer function of controller C 1 (s) can be expressed by (75). After the substitution of (69) and (75) in (70), the resulting Bode diagram of TFOL 1 (s) can be expressed as shown in Fig. 9 , where the phase margin is 68.1 • and the crossover frequency of 32.2 krad/s according to the criteria established in [33] . Controller C 1 (s) can be implemented using an analog circuit similar to the one shown in Fig. 10 , whose transfer function and circuit elements can be calculated from expressions (76) to (81).
K p = RV 5 RV 4 (77) 
The components used in the circuit can be determined after comparing (75) and (76). Choosing C3 = C4 = 10 nF, R9 = 100 k , and RV7 = 37.5 k , it is possible to obtain the remaining components as RV3 = 0.398 k , RV4 = 0.9 k , RV5 = 12.75 k , and RV6 = 175.807 k .
B. DC-LINK VOLTAGE LOOP
Assuming that the output voltage control loop presents a fast response, which means that the measured output voltagev ot (s) is close to the reference voltagev * oref (s), the dc-link voltage control loop can be designed. Neglecting the disturbances introduced by the load currentî La (s) and the power supply voltagev ot (s), this loop can be arranged according to the diagram shown in Fig. 11 , where the output signal of controller C 2 (s) is multiplied by the fundamental componentv 1t (s).
The transfer function G 2 (s) is influenced by the VSI dc conversion ratio ''(2D-1)'' as denoted in (63). However, for a complete period of the SAPF output voltage, the average value of v o (t) must be zero. Thus, the expected average value of the duty cycle will be close to D = 0.5. Choosing D = 0.5005 according to Table 1 , it is possible to determine G 2 (s) numerically in (82), while its respective Bode diagram is presented in Fig. 12 . 
The open-loop transfer function TFOL 2 (s) is given by (83), where the gain associated with the voltage transducer K T is introduced.
The dc-link closed-loop response must be slower than that of the output voltage control loop. Hence, controller C 2 (s) ensures that TFOL 2 (s) presents a narrow bandwidth. Substituting K i = 1.25×10 3 , φ ωcg = 3.87 • , and ω cg = 6.2832 rad/s in expressions (72) and (73), the gain K p can be determined for the PI controller C 2 (s). The resulting transfer function is presented in (84).
After substituting (82) and (84) in (83), the Bode diagram of TFOL 2 (s) can be plotted in Fig. 13 , where the phase margin is 62.4 • and the crossover frequency is 0.514 rad/s. Besides, it is worth mentioning that C 2 (s) is implemented using an analog PI controller, whose circuit is similar to that in Fig. 14. The transfer function of the circuit can be obtained from (85) to (88). 
VI. EXPERIMENTAL RESULTS
A 1-kVA experimental prototype of the SAPF was implemented so that different types of loads could be tested. The voltages were measured using sensors LV25P by LEM, whose constant gain is given in Table 1 . The load currents were measured using a Hall Effect sensor model CSNF161 by Honeywell. Besides, the experimental setup employing oscilloscope TPS2024 and current probe A622 by Tektronix as shown in Fig. 15 was used. Integrated circuit (IC) UAF42 was adopted as a band-pass filter to extract the fundamental component v 1 (t) from signal v s (t). The multiplier circuit consists of IC MC1595-L by Motorola. Both C 1 (s) and C 2 (s) were implemented using analog circuits similar to those represented in figures 10 and 14, respectively.
A. LINEAR LOAD TEST
A distorted supply voltage waveform v s (t) was generated using a single-phase transformer with turns ratio 1:1, whose secondary winding is connected to a single-phase diode rectifier supplying a resistor-capacitor (RC) load in the dc side. The passive RC low-pass filter is rated at R = 17 and C = 530 µF as shown in Fig. 16 . It is also worth mentioning that the transformer and the nonlinear load are upstream with respect to the SAPF.
The SAPF was tested with a series resistor-inductor (RL) linear load where R = 33
and L = 43 mH as shown in Fig. 16 . The input voltage v s (t), load v L (t), and output voltage of the SAPF v o (t) are represented in Fig. 17 . It can be stated that v s (t) is quite distorted while v L (t) is basically Results obtained with the linear load test in steady-state condition: supply voltage v s (t ) (CH1 -50 V/div., 2.5 ms/div.), load voltage v L (t ) (CH2 -50 V/div., 2.5 ms/div.), and SAPF output voltage v o (t ) (CH3 -50 V/div., 2.5 ms/div.). Figure 18 presents the frequency spectra of the waveforms shown in Fig. 17 , which were obtained with Matlab R /Simulink R software. The supply voltage v s (t) has a THD equal to 12.57%, while the THD of the load voltage v L (t) is 3.01%. Comparing the fundamental components of v s (t) and v L (t), it can be stated that a small fundamental component is associated with v o (t) in order to supply only the power losses of the SAPF.
The waveforms representing operation of the RL load are shown in Fig. 19 . Since the load is linear, its current has sinusoidal shape as expected, thus denoting that it is not affected by the SAPF operation. Figure 20 presents the behavior of the SAPF during startup and steady-state condition, where the voltage signals associated with the measurement of v st (t), v o (t), i Lt (t), and v cc (t). Results obtained with the linear load test in steady-state condition: load voltage v L (t ) (CH1 -50 V/div., 2.5 ms/div.) and load current i L (t ) (CH4 -2 A/div., 2.5 ms/div.).
When the SAPF is off, the load voltage v L (t) is almost null, while v o (t) remains almost equal to v s (t). After the startup and in steady-state condition, voltage v L (t) assumes a sinusoidal shape and the load operates properly. According to Fig. 20 , the proposed dc-link control loop provides an adequate response of the SAPF during its startup. The load voltage becomes sinusoidal immediately after the SAPF starts up.
B. NONLINEAR LOAD TEST
The SAPF was also tested with a nonlinear load composed of a full-bridge diode rectifier supplying an RL series load FIGURE 20. Results obtained with the linear load test in transient condition: output signals of the sensors associated with v s (t ) (CH1 -2 V/div., 10 ms/div.); v o (t ) (CH2 -2 V/div., 10 ms); i L (t ) (CH3 -2 V/div., 10 ms/div.); and v cc (t ) (CH4 -2 V/div., 10 ms/div.); and resulting voltage v L (t ) (MATH = CH1-CH2 -2 V/div., 10 ms/div.). and L = 43 mH) connected to its dc side as shown in Fig. 21 .
Voltages v s (t), v L (t), and v o (t) are shown in Fig. 22 . The supply voltage v s (t) is distorted, but the harmonic content of v o (t) consists of only the components required to cancel or mitigate the harmonics of v s (t). Therefore, the load voltage is basically composed of a fundamental component and a minimized harmonic content. Due to the nonlinear load characteristics, it is noticed that v L (t) is null during a short period as a result of the delay associated with the commutation of the diodes. This aspect will increase the THD of v L (t), but it is not related to the harmonic compensation capability of the SAPF. Figure 23 shows the frequency spectra of the waveforms represented in Fig. 22 . Voltage v o (t) contains nearly the same harmonic components as v s (t), as well a small fundamental component to recharge the dc-link capacitor. Besides, voltage v s (t) presents a THD of 13.02 %, while v L (t) presents a THD FIGURE 22. Results obtained with the nonlinear load test in steady-state condition: supply voltage v s (t ) (CH1 -50 V/div., 2.5 ms/div.), load voltage v L (t ) (CH2 -50 V/div., 2.5 ms/div.), and SAPF output voltage v o (t ) (CH3 -50 V/div., 2.5 ms/div.). of 3.40%, which is below the limit of 5% as recommended by IEEE Std 519-2014 [34] .
The waveforms corresponding to v L (t) and i L (t) are represented in Fig. 24 . Since this is a nonlinear load, the current is non-sinusoidal even though v L (t) is not distorted. Besides, it is not affected by the SAPF operation.
The transient response of the SAPF during startup is represented in Fig. 25 . The obtained results are similar to those given in Fig. 20 . The SAPF is still capable of providing a sinusoidal shape to v L (t) after being turned on and in steady-state FIGURE 24. Results obtained with the nonlinear load test in steady-state condition: load voltage v L (t ) (CH1 -50 V/div., 2.5 ms/div.) and load current i L (t ) (CH4 -2 A/div., 2.5 ms/div.).
FIGURE 25.
Results obtained with the nonlinear load test in transient condition: output signals of the sensors associated with v s (t ) (CH1 -2 V/div., 10 ms/div.); v o (t ) (CH2 -2 V/div., 10 ms); i L (t ) (CH3 -2 V/div., 10 ms/div.); and v cc (t ) (CH4 -2 V/div., 10 ms/div.); and resulting voltage v L (t ) (MATH = CH1-CH2 -2 V/div., 10 ms/div.). condition, thus accurately compensating the effects of the harmonic content associated with v s (t). The SAPF has a fast startup response even when supplying a nonlinear load as seen in Fig. 25 . Thus, it operates appropriately without an external dc-link power source.
VII. CONCLUSION
A single-phase SAPF has been presented, designed, and thoroughly evaluated in this paper under different load conditions. A small-signal model has been derived and represented by an electrical equivalent circuit, which provides a simple and satisfactory representation that allows understanding the interactions among the SAPF, power supply, and the load. A cascade control system has also been designed using simple PI and PID controllers to regulate the dc-link and output voltages.
The SAPF was tested as associated with an isolated power supply with highly distorted voltage. Distinct loads were used, while the SAPF provided good harmonic voltage compensation with a load voltage, whose THD is less than 5% as recommended by IEEE Std 519-2014. The SAPF also presents fast response, thus enabling the accurate load operation in a short time interval after startup.
